Evolutionary genetic relationships among 146 bean-nodulating Rhizobium strains, including 94 field isolates from three localities in Colombia and 36 strains from Mexico, were examined by multilocus enzyme electrophoresis and restriction fragment length polymorphism analysis of a PCR-amplified 260-bp segment of the 16S rRNA gene. Seventy-five electrophoretic types (ETs), corresponding to multilocus enzyme genotypes, were identified, including a genotypically diverse group of 18 ETs in Colombia that is strongly differentiated from the ETs of R. etli, which occur in Mexico, Colombia, and Brazil. Most strains of the distinctive Colombian ETs carried the same 16S rRNA allele as did strains of R. etli, but, surprisingly, 17 isolates of two of these ETs had the allele that is characteristic of R. leguminosarum, and strains of two other divergent groups of ETs were also polymorphic for the two alleles. No fully satisfactory explanation for the occurrence of the R. leguminosarum 16S rRNA allele in three distantly related groups of strains is available, but horizontal transfer and recombination of the gene, in whole or in part, would seem to be more plausible than convergence in nucleotide sequence.
Bacteria that nodulate the roots of the common bean (Phaseolus vulgaris), pea (Pisum sativum), and clover (Trifolium spp.) have traditionally been classified as biovars of a single species, Rhizobium leguminosarum, under the names R. leguminosarum bv. phaseoli, viciae, and trifolii, respectively (8, 12) . For strains recovered from bean nodules, two subdivisions have been distinguished on the basis of differences in symbiotic (Sym) plasmids and nodulation host ranges (11, 15) . Type I strains carry multiple copies of the plasmid-borne nifH gene and have a relatively narrow host range, centering on beans, whereas type II strains have a single copy of the nifH gene and are also able to nodulate Leucaena spp. Strains of the two types are also reported to differ in the structure of their extracellular polysaccharides (7) .
In 1988, a multilocus enzyme electrophoresis (MLEE) study of Mexican and South American strains then assigned to R. leguminosarum bv. phaseoli revealed a heterogeneous complex of strongly differentiated phylogenetic lineages and suggested that the recognition of several species would be warranted (16) . Subsequently, one particularly deep lineage represented by type II strains was designated as R. tropici (15) , and a second new species, R. etli, was described for type I organisms on the basis of a comparative analysis of MLEE allele profiles, DNA-DNA hybridization experiments (18) , and nucleotide sequence variation in the 16S rRNA gene (19) .
MLEE has also been employed in recent studies of the structure of Mexican populations of bean-nodulating rhizobia (18, 24, 25) , including efforts to assess the frequency of horizontal gene transfer at local and regional levels.
The objective of the present research was to extend the population genetic and systematic analysis of bean-nodulating rhizobia by comparing a sample of field isolates from Colombia with a collection of Mexican and other strains previously studied by Piñero et al. (16) . Chromosomal genotypes were determined by MLEE and by restriction fragment length polymorphism (RFLP) analysis of a 260-bp segment of the 16S rRNA gene (28) . The Colombian isolates were further characterized by RFLP analysis of the nifH gene, serotyping, and assessment of symbiotic effectiveness.
MATERIALS AND METHODS
Sources of strains. The geographic sources of the 147 isolates examined in this study were as follows: Colombia (n ϭ 99); Mexico (n ϭ 36); Brazil (n ϭ 4); Belize (n ϭ 1; OLIVIA-4); England (n ϭ 1; CIAT-676); and the United States (n ϭ 6, including the type strain of R. leguminosarum, ATCC 10004 T , which was isolated from P. sativum). Of the 51 isolates previously studied by Piñero et al. (16) , 46 were included in the sample; of the 5 strains not examined, 2 (CFN-299 and CIAT-899) were recently reclassified as R. tropici (15), 1 (CIAT-895) had a 16S rRNA gene restriction profile identical to that of CFN-299, and 2 (F-20 and CFN-7) were not viable. Among the Mexican isolates examined was CFN-42 T , the type strain of R. etli, from Guanajuato (19) .
Included in the Colombian sample were 94 field isolates (provided by J. Kipe-Nolt, Bloomsburg State University, Bloomsburg, Pa.) that were recovered from surface-sterilized nodules of plants (23) grown axenically in soils from field sites at three localities: Palmira (n ϭ 34 isolates, numbers 1085 to 1123), Santander (n ϭ 24, numbers 1124 to 1143), and Ipiales (n ϭ 36, numbers 1321 to 1396). At both Palmira and Santander, the elevation if 1,000 m above sea level and the mean annual temperature is 23ЊC, whereas Ipiales lies at an elevation of 2,900 m and has a mean annual temperature of 12ЊC.
MLEE. Starch gel electrophoresis and enzyme staining have been described by Selander et al. (20) . The electrophoretic buffer systems used and the 15 enzymes assayed, all of which are presumed to be encoded by chromosomal genes, were as follows: Tris citrate (pH 6.7) for 6-phosphogluconate dehydrogenase (6PG), hydroxybutyrate dehydrogenase (HBD), and malate dehydrogenase (MDH); Tris-citrate (pH 8.0) for phosphoglucose isomerase (PGI), isocitrate dehydrogenase (IDH), glucose 6-phosphate dehydrogenase (G6P), leucyl-alanine peptidase (PEP), and leucine aminopeptidase (LAP); borate (pH 8.2) for indophenol oxidase (IPO), hexokinase (HEX), adenylate kinase (ADK), and phosphoglucomutase (PGM); and Tris maleate, (pH 7.4) for leucyl-glycl-glycine peptidase (LGG), phenylalanyl-leucine peptidase (PLP), and nucleoside phosphorylase (NSP).
Distinctive mobility variants (electromorphs) of each enzyme, numbered in order of decreasing anodal mobility, were equated with alleles at the corresponding structural gene locus, and allele profiles (electrophoretic types [ETs]) were equated with multilocus genotypes. Because the occurrence of secondary bands of activity of certain enzymes (IPO and HEX) has been associated with the presence of plasmids in strains of R. leguminosarum bv. trifolii (1), such bands were ignored in scoring gels. Of the 15 enzymes assayed in the present study, 12 were also analyzed by Piñero et al. (16) , but the allele designations used here are not cognate with those of the earlier study.
Statistical analysis. Genetic diversity at an enzyme locus was calculated as h ϭ n(1-⌺x i 2 )/(n Ϫ 1), where x i 2 is the frequency of the ith allele and n is the number of ETs. The mean genetic diversity per locus (H) is the arithmetic average of h values over the 15 enzyme loci.
The genetic distance between pairs of ETs was estimated as the proportion of loci at which dissimilar alleles occurred (mismatches), and clustering was performed from a matrix of pairwise genetic distances by the unweighted pair group method (22) .
RFLP analysis of a 16S rRNA gene segment. All isolates were screened for restriction sites in a PCR-amplified 260-bp segment of the 16S rRNA gene. This segment is homologous to the part of the Escherichia coli 16S RNA gene that includes codons 44 through 337 (3, 27) . The flanking 24-bp PCR primers and the amplification procedure are described elsewhere (6, 28) . Aliquots of the amplified PCR product from each strain were digested with the restriction enzymes HinfI, Bsp1286I, and FokI, which were chosen on the basis of the published nucleotide sequences of R. etli (6) , R. leguminosarum, and other Rhizobium species (26); the resulting fragments were identified electrophoretically in 15% nondenaturing acrylamide gels.
Prior to amplification, the individual template preparations of two representative strains (1103 and 1395) with unusual 16S rRNA alleles and multilocus enzyme ET combinations were serially diluted and digested with diagnostic restriction enzymes in an effort to detect heterology of 16S rRNA sequences. Mixed template preparations were used as controls. Following amplification, the presence of heterologous templates was evident in the control preparations but not in those of the two individual strains.
RFLP analysis of the nifH gene. The 94 Colombian field isolates were screened for variation in the BamHI RFLP pattern of the nifH gene by protocols described previously (6, 11) .
Serotyping. The serotypes of the Colombian field isolates were determined by direct immunofluorescence. Five non-cross-reactive fluorescent-antibody preparations and their homologous serotype strains (17) (17) were reacted independently with each of the antibodies, washed with phosphatebuffered saline, and examined under a UV microscope. The intensity of fluorescence was scored on a scale of 1 to 4, and an isolate was assigned to a serogroup if it consistently received a score of 2 or higher upon reaction with a particular antibody preparation. Several strains received scores of 2 or higher with two antisera (for example, strain 1131 was serotyped as 1, 2a), and some isolates failed to react with any of the antibodies and hence were nontypeable.
Symbiotic effectiveness. The relative abilities of the Colombian field isolates to fix nitrogen were assessed by comparing the shoot dry weights of common bean plants (cultivar BAT 76) inoculated with individual strains and the shoot dry weights of control plants inoculated with the effective strain CIAT-144 (6).
RESULTS

Genetic diversity.
In the MLEE analysis of the 147 strains, all 15 enzyme loci assayed were polymorphic, with an average of 7.7 alleles per locus. A total of 75 distinctive ETs, representing multilocus genotypes, were identified; among these, the mean genetic diversity per locus (H) was 0.669. Allele profiles for 40 of the ETs are shown in Table 1 , and data for all ETs will be provided, upon request, by B.D.E. Twenty-four of the ETs were represented by more than one isolate, with a maximum of 16 isolates for ET 9, of which Colombian strain 1322 is representative.
Relationships of ETs. Cluster analysis placed the 75 ETs in five major groups (labelled A to E in Fig. 1 ) of R. etli (ET 63). Finally, group E, which was the most divergent of the five groups, consisted of five ETs, all of which were represented exclusively by strains from Mexico. Five of the strains were collected from soil in a field growing Leucaena leucocephala. Because these strains are inefficient in fixing nitrogen on the common bean and have distinctive Sym plasmids (16), they have been regarded as representing an unnamed species distinct from R. etli, R. tropici, and R. leguminosarum (10, 16) .
For the strains examined earlier by MLEE by Piñero et al. (16) that were also included in the present study, the indicated relationships were generally similar, even though only 12 of the 15 enzymes assayed in each study were the same. However, there was a notable difference between the studies in the placement of strains F-6, F-9, and TAL-182 (one of three isolates associated with ET 25) . In the present analysis, these strains formed a cluster (ET 23 to ET 25) in group C, whereas Piñero et al. (16) placed them in a cluster allied with CFN-42, VI-KING-1, and DES-109, all of which fall in our group D (Fig. 1) .
Distribution The results shown in Fig. 1 demonstrate a lack of correspondence between 16S rRNA gene sequences and the relationships among strains estimated by MLEE. Most of the strains in groups A through D (118 of 141) carried the 16S rRNA allele that is characteristic of R. etli and is hereinafter designated as the e allele. It was present in almost all the Mexican isolates and in most of the Colombian field isolates, including all of those from Palmira and Santander and half of those from Ipiales. As shown in Fig. 1 (bold In defining R. etli, Segovia et al. (19) sequenced the 16S rRNA gene in five strains representing the three main lineages of R. leguminosarum bv. phaseoli that had earlier been identified by Piñero et al. (16) . Whereas Segovia et al. (19) reported that NITRAGIN-8251 has the e 16S RNA allele, we found that this strain (grown from the freezer stock established by Piñero et al. [16] ) actually has the l allele, as does strain F-4, which is related to NITRAGIN-8251 as shown by MLEE ( Fig. 1 ; Table  1 ).
In our analysis of the 16S rRNA gene, we assayed variation at four restriction sites that were thought to provide an RFLP Association of characters. Among the Colombian field isolates, there was no relationship between the occurrence of the e and l 16S rRNA alleles, nifH RFLP types, or symbiotic effectiveness. For example, the mean symbiotic effectiveness of the 18 Ipiales isolates with the e 16S rRNA allele was 78.1% Ϯ 3.3% of that of the effectively nodulated controls, while the corresponding value for the 18 isolates with the l allele from the same locality was 80.8% Ϯ 4.7%. Of the 94 Colombian field isolates, only 5 (1088, 1115, 1157, 1107, and 1097), all of which represent ETs of group D, did not have a reiterated (type I) nifH RFLP pattern; these isolates were also symbiotically ineffective. With the exception of ET 38 (isolate 1107), the ETs of these strains were also represented by other isolates that showed reiterated nifH RFLP patterns typical of R. etli and were symbiotically effective.
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chromosomal genotype. As shown in Fig. 1 , serotype 2c was predominant among strains of subgroup A 1 , whereas most isolates of subgroup A 2 were of serotype 1. In group D, 2a was the common serotype of strains with ET 29 to ET 39, and the strains with ET 53 to ET 57 were uniformly nontypeable.
DISCUSSION
Rhizobial strains in the Americas that have the common bean as their primary host are currently believed to represent two species, R. etli and R. tropici (14, 19, 24) . However, our study identified an additional complex of lineages (group A) in Colombia that is roughly equal in phylogenetic depth and multilocus genotypic diversity to the populations named R. etli, which occur in Mexico, Colombia, and Brazil. Most strains with the group A ETs carry the same e 16S rRNA allele as R. etli, but, surprisingly, some strains (associated with ET 9 and ET 10) have the l allele of R. leguminosarum. Both e and l alleles are also represented in strains of groups B and C. The 17 strains of ETs 9 and 10 were not distinguishable from strains that carry the e allele in either symbiotic effectiveness or RFLP pattern of the nifH gene. However, like strains of R. etli, they have reiterated nifH genes and are therefore of type I.
The results of MLEE analysis alone would suggest the recognition of group A strains as a species distinct from R. etli (group D) and R. leguminosarum (group C) and the naming of several additional species for the deep lineages of group B. However, the distribution of 16S rRNA alleles does not fit such a scheme. The most puzzling aspect of the observed pattern of variation is the occurrence of both l allele strains and e allele strains in subgroup A 1 (ET 1 to ET 10), together with the association of e allele strain 1103 (ET 26) with l allele strains ATCC 10004 T , CIAT-676 (both ET 27), and 1350 (ET 28) in group C. MLEE analysis indicates that the l allele strains in groups A, B, and C are only distantly related in chromosomal genotype. For example, group A strain 1395 (ET 10) and group B strain NITRAGIN-8251 (ET 20) differ from group C strain ATCC 10004 T (ET 27) at 11 and 12 of the 15 loci assayed, respectively ( Table 1) .
The central question raised by the results of our study is why 
a Sites are numbered according to their positions in the 16S rRNA segment shown in Fig. 2 . The presence or absence of a restriction site is denoted by ϩ or Ϫ, respectively.
b CIAT-57 and strain 127K12b, both of ET 69 ( Fig. 1 MLEE analysis did not place all the strains carrying the l 16S rRNA allele in a single cluster. The simplest interpretation is that the l allele, in whole or in part, has been horizontally transferred and recombined among distantly related chromosomal lineages. Our invocation of recombination of 16S rRNA genes is not without precedent, for Sneath (21) has presented strong statistical evidence for the occurrence of intragenic recombination between Aeromonas species, thereby accounting for the marked disagreement between estimates of phylogenetic relationships based on 16S rRNA gene sequences and the results of DNA-DNA hybridization experiments reported by Martinez-Murcia et al. (13) . Evidence for the recombination of a horizontally transferred segment of the 16S rRNA gene that is homologous to the segments examined in our study and that of Sneath (21) has been obtained through cluster analysis of strains of R. galegae, R. loti, and Agrobacterium tumefaciens (10a). Also relevant is the observation that 16S rRNA allele segments of both the e and l types occur in strains presently assigned to R. leguminosarum bv. trifolii (5) that diverge at a MLEE genetic distance of 0.55 (4).
The recombination hypothesis could be tested by a complete sequence analysis of the 16S rRNA genes and their flanking regions in strains of groups A, B, and C. Assortative (wholegene) or intragenic recombination of the enzyme loci assayed by MLEE is a less satisfactory explanation because of the number of genes involved, and convergence in ET would also seem unlikely for the same reason. Convergence in the 16S rRNA gene sequence, although possible, was not indicated in a comparative sequence analysis of a segment of the e and l alleles in 10 representative strains.
It is apparent that additional molecular genetic evidence will be required to clarify the evolutionary relationships of Rhizobium strains that nodulate the common bean and to determine the extent to which recombination of horizontally transferred chromosomal genes or gene segments have been involved in their evolution. Future work should include a comprehensive study of allelic variation in the 16S rRNA gene and other chromosomal genes, preferably by complete sequence determination, among strains of all lineages of rhizobia that are capable of nodulating beans, as well as those of lineages currently classified as R. leguminosarum bv. trifolii and viciae.
